Degumming is the process of removing the sericin or gum from silk yarn. Removing the gum improves the sheen, color, hand, and texture of the silk. Mai 1 silk yarn from Thai hybrid multivoltine Bombyx mori was degummed with commercial grade bromelain and with sodium carbonate. 96.58% of sericin content was removed from the silk yarn in small scale degumming procedure with 2 g/L bromelain and 91.84 % in large scale degumming with 5 g/L bromelain. Scanning electron micrographs of the silk yarn degummed with enzyme showed neither sign of destruction in its morphology nor surface damage.
INTRODUCTION
The silkworm can adapt itself to changing environments by decreasing or increasing the number of generations per year which is called voltinism. Three different silkworm races, namely univoltine, bivoltine, and multivoltine, are recognized according to their voltinisms [1] . Thai silk, considered to be one of the finest arts in the world, is known for its beautiful color and expressive patterns that symbolize Thai culture and way of life. Three types of Thai silk yarn are produced from the different cocoon layers. Mai 3 group is composed of Mai Leub, from the outer layer, and Mai Laeng, from the innermost. Mai 2 or Mai Sao Loei is a combination of the outer and the inner layers. Mai 1 or Mai Noi/Mai Kreu, the best quality Thai silk yarn, is from the inner layer of the cocoon shell. Mai 1 is even in structure, size and color, roundness, and clean; and is free from adulterated materials [2] . Mai is the Thai word for silk.
The silk making process, from cocoon to finished clothing articles, consists of cooking, reeling, degumming, dyeing, weaving, and finishing processes [3] . The raw silk fiber reeled from Bombyx mori cocoon is a composite material made of silk fibroin (70-75%) and silk sericin (20-25%) . The sericin glues the fibroin filaments and keeps the structure of the cocoon [4] [5] .
Raw silk fibers have been traditionally degummed with soap-soda ash [6] . Sericin can also be removed during the degumming process using different types of agents or methods such as alkali, acid, foam, synthetic detergent, high pressure, microwave and enzyme [7] . Several alkali agents such as sodium hydroxide or sodium carbonate are commonly used for the silk degumming process. However, these alkali treatments impose a relatively harsh irritation on silk fibroin fibers [8] [9] . In recent years, a large number of studies reported degumming techniques using proteolytic enzymes such as microbial and commercial enzymes, especially papain and bromelain [4, [10] [11] [12] [13] [14] [15] .
It is known that pineapple (Ananus commosus) production in Thailand occupies 12% of world market share [16] . Bromelain is one of the proteases produced from pineapple wastes [17] . Stem bromelain consists of abundant applications, including therapeutic [17] [18] [19] , food [20] [21] [22] , cosmetic [23] [24] , and textile industries [15, [25] [26] [27] [28] [29] . In textile industries, bromelain is used for cocoon cooking and reeling processes [25] [26] , silk degumming process [27] [28] [29] , and proving the dyeing properties of protein fibers without changes in mechanical properties of the fabrics [15] . However, bromelain is usually sufficiently active without the addition of activators [30] . Protease is a preferable degumming agent in terms of complete and uniform removal of sericin, retention of tensile properties, and improvement of surface smoothness, handle, and luster of silk fibers [12] [13] 31] [32] [33] . Wool keratin fabrics grafted with vinyl monomers were recently analyzed by means of KES-F and shows its mechanical properties, such as shearing and bending, were significantly changed after grafting [34] . This research aimed to investigate the efficiency of bromelain degumming ability and determine the physical/mechanical properties of the degummed silk fabric.
MATERIALS AND METHODS Materials
Materials purchased include silkworm eggs from Thai multivoltine hybrid B. mori (Queen Sirikit Sericulture Center, Si Sa Ket Province, Thailand) and commercial grade stem bromelain (Great Food Company, Nakorn Pathom Province, Thailand). Analytical reagent (AR) grade chemicals were also used including sodium carbonate (BDH, England), sodium hydrosulfite (Sigma-Aldrich, USA), hydrogen peroxide (Ajax, New Zealand), tetrasodium pyrophosphate (Ajax) and surfactant detergent Tween 20 (Atlas Powder, USA).
Methods

Silk Yarn Preparation
A B. mori strain, Nangsaew x Tabtimsiam, was reared with fresh mulberry leaves by a selected group of sericulture farmers in Ilam Subdistrict, Utumphon Phisai District, Si Sa Ket Province. The silk yarns were produced from the cocoons by a skilled sericulture farmer at Ta Khoei Subdistrict, Suan Phueng District, Ratchaburi Province. After removing floss, the outer layer of the cocoon was reeled followed by the inner and the innermost. Only Mai 1, its silk yarn used throughout the experiment, was reeled from the inner layer of the cocoon. Then the size of the silk yarn was measured.
Silk Degumming Process and Fabric Preparation
In this research, two different degumming experiments were performed on small or laboratory scale (1 g/hank) and large or commercial scale (100 g/hank).
Degumming Silk Yarn With Alkali Solution
In the small scale degumming process, 1 g of silk yarn was dried in hot air oven at 105°C for 90 min and kept in a desiccator for 1 h. The dried sample was weighed using an analytical balance. The silk yarn was subsequently degummed in a 25x75 mm tight-capped vial using various concentrations of Na 2 CO 3 for different degumming times in a shaking bath at 98°C. The liquor to material ratio (LR) was kept at 50:1. At the end of the degumming process, the silk yarn was rinsed with 50 mL warm water then subsequently with 50 mL tap water. The rinsing process was repeated three times. The yarn was dried at the ambient temperature for 1 d and then dried at 105°C for 90 min. The degummed sample was kept in a desiccator for 1 h and then weighed in an analytical balance. Ten samples were used for each treatment.
In the large scale process, 10 kg of silk yarn was degummed with 1 g/L Na 2 CO 3 , 0.06 % commercial non ionic soap and 0.06 % NaH 2 SO 3 in an arm dyeing machine (Swastik Model TD2, India) with 50:1 LR at 90°C for 60 min. The treated silk yarn was rinsed with warm water, followed with tap water. The rinsing process was repeated three times. The yarn was drained in a spin dryer and then dried at ambient temperature for 1 d. Triplicate samples were used for each treatment.
Degumming Silk Yarn With Bromelain
The degumming process was the same as with the alkali treatment except for the concentration of degumming agent, the incubation time, and the temperature. The silk yarn was degummed with 1-3 g/L bromelain for 60-120 min in the small scale process and with 4-6 g/L enzyme for 90 min in the large scale process. Both processes were degummed at 55°C with 50:1 LR.
Degumming Ratio of the Silk Yarn
The degumming ratio or weight loss was determined from the change in the sample weight before and after the degumming process. The degumming ratio of the silk yarn was calculated using Eq. (1).
(1) W 0 and W 1 are the completely dried sample weights before and after degumming, respectively. The samples were dried at 105°C for 90 min.
Wastewater from each degumming process was concentrated and its sericin patterns were determined using a 12% SDS-PAGE.
Fabric Preparation
Both degummed silk yarns were bleached with 0.66% H 2 O 2 , 6 g/L Na 4 P 2 O 7 ·10H 2 O and 2 drop/L Tween 20 at 80°C for 60 min. At the end of the bleaching treatment, the yarns were rinsed with warm water followed by tap water. The warp yarn was prepared by doubling the silk yarns. The plain silk fabric http://www.jeffjournal.org Volume 10, Issue 3 -2015 [35] was made with a handloom by a skilled sericulture farmer at Takhu Subdistrict, Pak Thong Chai District, Nakorn Ratchasima Province. Triplicate samples were used for each treatment.
Mechanical Properties Tensile Measurement and Scanning Electron Microscope Studies of the Silk Yarn
The tensile properties of degummed silk yarns were evaluated with a Tensilon RTC 1280A electric singlefiber tensile apparatus (A&D Company, Limited, Japan). All tensile measurements were performed at a strain rate of 10 mm/min. The gauze length of the specimen was 20 mm. Samples was conditioned at 22°C, 65% relative humidity for two weeks. The surface morphology of the degummed silk yarn was examined with a scanning electron microscope (SEM) (Philips Model XL30, USA).
Physical and Mechanical Properties of the Silk Fabric
The physical properties of the silk fabric, including crease recovery, were measured with a Shirley crease recovery tester (Model TNG01 China, ISO 2313-1972E) while the tearing strength of the samples was evaluated with an Elmendorf tear tester (Model EL-6400W, Daiei Kagaku Seiki, Japan, ISO 13937-1:2000E) according to standard methods BS EN 22313:1992 and ASTM D 1424:1996 [36] . The mechanical properties of the fabric were determined with the KES-F (Model Z08918, Kato Tech Co. Ltd, Kyoto, Japan) [32] .
Statistical Analysis
Analysis of variance (ANOVA) was applied to the experimental data using the statistical software R Program [37] .
RESULTS AND DISCUSSION Silk Yarn
The Mai 1 silk yarn was obtained from the inner layer of the hybrid multivoltine B. mori cocoons. The inner layers accounted for approximately 80% of the cocoon shell weight. The yarn is yellow, attributed to the natural pigment color of the multivoltine B. mori silk yarn The average size of the yarn was 197.76 ± 9.47 denier (D) ( Figure 1A ).
Degumming Silk Yarn With Alkali Solution
The degumming ratio of the silk yarn, evaluated after treating with 1 g/L Na 2 CO 3 at 98 °C for 60 min was 23.73 ± 1.33%. The sericin content agrees with that of Thai silk standard, which is lower than 30% [1] ( Table I) .
For each degumming time, there was a sharp increase in degumming ratio as the concentration of the alkali increased from 0.2 to 0.5 g/L. Further increase in sodium carbonate concentration did not cause significant change in the degumming ratio. In all sodium carbonate experiments, repeated degumming resulted in higher degumming ratio. The degumming ratio of the silk yarns differed significantly (P>0.001) between the 30 min and 60 min degumming times. The highest degumming ratio was obtained by the repeated degumming treatment of silk yarns with 1 g/L Na 2 CO 3 for 60 min.
Degumming Silk Yarn With Bromelain
It is important to find the optimum conditions for enzymatic degumming. Small scale enzymatic degumming of the silk yarn was performed with bromelain at 55°C with LR of 50:1. Experimental data shows that the optimum enzyme concentration is 2 g/L and degumming time of 90 min. Under such conditions, the degumming ratio and the amount of sericin removed were 22.92 ± 0.61 and 96.58 ± 2.58 %, respectively ( Table I ). The optimum condition for the large scale degumming was slightly modified after considering the experimental results of the small scale process. Large scale degumming was performed with different bromelain concentrations at 55°C for 90 min. The raw silk yarn was degummed in an arm dyeing machine with a minimum capacity of 10 kg. The LR was kept constant at 50:1. Table I shows that the degumming ratio of the silk yarns with bromelain concentrations of 4, 5, and 6 g/L was 19.85 ± 0.52, 21.42 ± 0.52 and 20.68 ± 0.40 %, respectively. The percentages of sericin removed for the same set of bromelain concentrations were 83.65 ± 2.2, 90.29 ± 3.72 and 87.13 ± 1.69 %, respectively. The color of the degummed silk yarns in both small and large scale degumming was almost pale yellow. Since the silk yarn was degummed in the single degumming process, the weight loss of the large hanks of silk yarns obtained using the arm dyeing machine was smaller than that of the small scale, which was degummed repeatedly. Recovery of sericin with high molecular weight from the silk reeling basin is also an important advantage of enzyme degumming. The bromelain used in this study is a commercial enzyme from the by-product of dehydrated pineapple industry in Thailand. It is readily available, cheap and a very effective enzyme compared with other imported bromelain products. According to our preliminary study on the 12% SDS-PAGE of sericin recovered from the degumming waste water, the major band of the silk that appeared corresponds to 300 kDa while minor bands due to lower molecular weights appeared at the same time (Promboon et al., unpublished data). The data above coincide with the results of a Japanese patent [38] [39] [40] . High molecular weight of silk sericin can be recovered from the enzymatic deguming basin.
The bromelain degumming process was performed at 55°C, which was 44 % lower than the temperature for the conventional alkali degumming technique. The enzyme degumming, usually conducted at lower temperature, is more energy efficienct and environment-friendly. The bromelain degumming wastewater is actually a promising sericin material in various industries including food, cosmetics and biomaterials applications.
Tensile Properties and SEM Pictures
The tensile strengths of the silk yarns degummed with 4, 5, and 6 g/L bromelain were 5.49 ± 0.43, 4.76 ± 0.48 and 7.84 ± 0.38 N, respectively ( Table II) . The tensile strength of the yarn degummed with 1 g/L Na 2 CO 3 was 4.02 ± 0.72 N, which is significantly lower than that of the silk yarn degummed with bromelain. The elongations at break of the yarns degummed with 4, 5, and 6 g/L bromelain were 14.51 ± 0.02, 13.11 ± 0.0, 14.03 ± 0.02 %, respectively, while that of the yarn degummed with Na 2 CO 3 was 14.73 ± 0.04 %. The tensile strength of yarn degummed with bromelain was slightly lowered with increasing bromelain concentration, suggesting deterioration of sericin by the action of the enzyme. These data coincide with that in the literature [14] . Table III illustrates the fiber count, thickness, weight, tearing strength and crease recovery of Thai silk fabrics made of silk yarns degummed with bromelain and with alkali solution. The morphology of the yarns before and after degumming with either sodium carbonate or enzyme was detailed in the SEM pictures (Figure 2 ).
In the undegummed Thai silk yarn, sericin appeared as a partially non-uniform coating on the surface of the yarns (Figure 2A-2B) . The percentage of sericin removed from the yarn degummed with 5 g/L bromelain was 90.29 ± 3.72 % and from that degummed with alkali solution was 88.20 ± 2.09 %. Thus enzymatic bromelain is better for degumming yarn because no sign of destruction and damage to the surface of the yarn was observed ( Figure 2C and 2E) . The yarn degummed with both processes showed almost the same morphologies as those demonstrated by Koh et al. [15] . The harsh condition of alkali treatment with strong solution and prolonged treatment of sodium carbonate degumming had a strong effect on the native molecular order (e.g. the amount and perfection of crystallinity), inducing large amount of strength decreasing [9, 41] whereas bromelain was able to remove sericin but it did not change an actual structure of silk thus it did not change tensile characteristic [15, 42] .
Silk Fabric
The plain silk fabric was produced by handloom method using Thai silk yarns, which have been bleached with hydrogen peroxide to remove the yellow pigment ( Figure 1B and 1C) . The fiber count of silk fabric degummed with bromelain in the weft 
Physical and Mechanical Properties Crease Recovery and Tearing Strength
The crease recovery of fabric degummed with bromelain remarkably increased compared with that of the fabric degummed with sodium carbonate both in the warp and the weft directions, suggesting that the degumming process with bromelain is more effective in enhancing the extent of crease proofing. The tearing strength of the fabric degummed with bromelain was not reduced compared with that of the fabric degummed with sodium carbonate (Table III) . The improvement in crease recovery behavior of fabric degummed with bromelain could mainly be ascribed to the plasticity of the silk yarn [36] . The fabric degummed with sodium carbonate showed higher stiffness value due to the severe alkali treatment, which became a major reason for deterioration and decrease in elasticity. The data above suggests that degumming with bromelain is effective in improving crease recovery of the silk fabric.
Techanical Properties of Silk Fabric Tensile Properties
Tensile properties of silk fabrics, which have been degummed with bromelain and with sodium carbonate, were measured by the KES-F system. From the measurement with KES-F, it is expected that the tensile performances of a fabric can be effectively explained through four major tensile parameters, namely LT (linearity of load extension curve), WT (energy in extending fabric to 500 gf/cm width), RT (percentage energy recovery from tensile deformation) and EMT (percentage extension at the maximum applied load of 500 gf/cm specimen width). The LT and EMT values of the fabric degummed with bromelain were 0.83% and 2.77%, respectively ( Table IV) . The LT and EMT for fabric degummed with bromelain were slightly larger than those degummed with alkali solution. However, the WT value of the fabric degummed with bromelain was slightly higher than that of the fabric treated with alkali solution (Table IV) . WT denotes the tensile energy per unit area, which is defined as the energy required to extend a fabric's ability to withstand external stress during extension. Higher WT values of fabrics mean excellent quality in terms of tensile strength and toughness [43] [44] . Fabrics with higher value of WT suggest that degumming with bromelain produces fabrics with superior tensile strength.
RT is defined as the ability of a fabric to recover after the application of tensile stress. The smaller the RT value, the more difficult it is for the fabric to return to its original shape after the applied tensile stress is released. The RT value of the fabric degummed with sodium carbonate was higher compared with that of the silk fabric degummed with bromelain. The silk fabric degummed with bromelain is softer, in agreement with the literature [4] , and can recover slower after application of tensile stress.
A high EMT value means larger elongation of fabric. Actually, Kim [45] demonstrated that the intensity of softness of the paper towel increased with the increasing extensibility. Based on Table IV, the EMT value of the fabric degummed with bromelain was larger, suggesting that the silk fabric degummed with bromelain was softer and more extensible against the applied force. The data above suggests that silk fabric degummed with bromelain exhibits higher extensibility than that of degummed with alkali solution. However, the RT value of the fabric degummed with sodium carbonate was slightly higher than that of the fabric degummed with bromelain (see Table IV ), suggesting that the bromelain degummed fabric shows better recovery performances. The tight fabric structure would contribute to better recovery [46] [47] . The bulkiness increases inter-fiber and inter-yarn contact that probably accounts for the specific tensile properties of fabric degummed with bromelain.
Shearing Behaviors
Shearing behavior of fabric is closely related to the wearing process, because the fabric needs to be stretched or sheared while being used as textile materials. Table IV lists the shearing properties including shear stiffness (G), shear stress at 0.5°C (2HG) and shear stress at 5°C (2HG5) for the fabrics degummed with bromelain and with sodium carbonate. Shear stiffness and shear stress are defined as the ability of fabrics to resist shear stress. The shear stiffness (G) of fabric degummed with sodium carbonate was slightly lower compared with that of the fabric treated with bromelain, suggesting that the fabric degummed with sodium carbonate more readily conforms to three dimensional structures. The fabric degummed with sodium carbonate showed smaller values of 2HG and 2HG5 than those degummed with bromelain ( Table IV) . The weight of the fabric degummed with bromelain is larger than that of the sample degummed with alkali solution (Table III) , coinciding with the literature that found that high G values correspond to high yarn density and very close contact [25] . The shear hysteresis behavior in the low shear angle region (2HG) value and the 2HG5 value of the enzyme degummed fabric was significantly different to that of the alkali degummed fabric. Shear properties of the fabrics degummed with bromelain, like shear deformation behaviors, can be attributed to the increase of friction between the warp and weft threads of the fabric. The texture of the fabric degummed with bromelain was rougher and less even because the silk yarn was reeled by hand and woven with a handloom, resulting to less uniformity.
Bending Behaviors
Bending rigidity (B), a measure of a fabric's ability to resist bending deformation, is a predominant factor affecting the hand and comfort of a fabric [48] . Additionally, the B and the bending hysteresis (2HB) are the major factors determining the bending properties of the textiles. The value of B and 2HB differed significantly (P<0.05) between fabrics degummed with bromelain and alkali solution (Table IV, Figure 3C -3D). The fabric with low B and 2HB has good bending properties [23] . The fabric degummed with bromelain enabled the yarn to move easily in response to bending deformation and the fabric had a flexible and smooth feel during bending [44] [45] [46] [47] . Experimental data on the bending properties of the fabric suggest that the fabric degummed with bromelain is softer than that degummed with alkali solution. 
Compression Behavior
The results of the compression properties of the degummed fabric are shown in Table IV . Compression resilience (RC) is defined as the ability of fabric to retain fullness after being compressed. The compression resilience (RC) of enzyme degummed fabric was higher compared with that of the alkali treated fabric. The energy (WC) required for compression under 5 kPa differed less significantly (P<0.05) between the yarn degummed with bromelain and with alkali solution. These data suggested that the fabric degummed with bromelain was superior in compression behavior to the alkali degummed fabric. Compression property reflects the integrated effects of fabric structure and thickness. The thickness (To) of the specimen at minimum pressure of 0.5 gf/cm 2 of bromelain degummed fabric was smaller than that of alkali degummed sample. On the other hand, the thickness (Tm) of both fabrics was almost similar. The Tm/To value of fabric degummed with sodium carbonate was slightly lower than that of the fabric degummed with bromelain, implying that the enzyme degummed fabric was softer and possessed slightly higher elastic properties, which coincided with previous literature [4] .
The crease recovery value of the fabric degummed with bromelain is almost the same as that of the fabric degummed with alkali solution, while the compression resilience of the former is significantly higher. The higher resilience of the bromelain degummed fabric implies that it possesses higher resistance against the applied force.
Several alkalis such as sodium hydroxide or sodium carbonate are commonly used for degumming. However, these strong alkali treatments impose a relatively harsh irritation on silk fibroins [8] [9] . The extreme condition of alkali agent results in damage of the fibroin protein, loss of strength and luster of the fabric [49] [50] . The degumming process in high temperature and alkali solution enhances 0.05-1.02 micron fibril like hang nail on the silk fiber [51] .
CONCLUSION
Thai multivoltine silk yarn, Mai 1, was effectively degummed with commercial grade of bromelain. The mechanical performances of silk fabric, produced by handloom were analyzed with the KES-F system. Color and size of the silk yarn was yellow and 197.76 ± 9.47 D. Its degumming ratio was 23.73 ± 1.33% after treatment with 1 g/L Na 2 CO 3 for 60 min at 98°C. The amount of sericin removed from the silk yarn after degumming at 55°C, 90 min with 2 g/L bromelain at a small scale and 5 g/L bromelain at a larger scale was 96.58 ± 2.58 and 90.29 ± 3.72 %, respectively. The bromelain degumming silk yarn yielded more than 90% sericin removal without any damage of fibroin. The bromelain degummed fabric showed 10% higher increase recovery and its bending property was 4% higher comparing with that of alkali degummed sample.
The bromelain degumming is a more effective, economic and eco-friendly procedures. Additionally, degumming wastewater is also a good recovery source of sericin for various industries such as cosmetics, food, biomaterials applications etc. 
